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1. PROJECT: No, 2 = Operations at High Temperetures; Sub-Projects ony, 
Influence of igh Temperatures upon the Efficiency of Perediine?; 2-13, Effect 
of Training upon the Efficiency of Performance at High Temperatures ; anh], @ 
of the Physiologic Effects of High Temperatures. 


Ao Authority - Letter Commanding General, Headquarters Armored For 
Fort Knox, Kentucky, File 400.112/6 GNOHD, dated 21 September 1942. 


7 > bs Purpose ~ To determine the upper limits, and the safe limits, c 
temperature and humidity at which acclimatized, normal, young men can work in 
hot es 


- DIscussION: 


a. Previous reports (1, 2, 3, 4) from this Laboratory have deoueribed 
the physiologic changes and read jus tments which occur in normal young men 
working in both dry and hunid hot environments which simulated the severest 
natural Glimates. Principles for the management of men in such environments. 
have been formulated. In hot climates, combat vehicles, particularly when 
closed, develop internal environments exceeding in severity ail naturaily | 
existing climates. It became necessary, therefore, to study men working a: “e 
such excessively hot and humid environments and to determine the upper environ 
mental limits in which work is still readily and efficiently performed and 
those limits beyond which work is either impossible, or if performed, then _ 
inefficiently and with undesirable physiologic disturbances. A knowledge of 
such safe and maximal environmental limits serves two practical purposes? 
(a) it indicates what may be exected of men working in a given hot environ— 

ment, (b) it forms a basis for the evaluation of the heat problem in certain 
combat vehicles. 
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1. Results of Desert Field Study, Project 2 (2-8), File 724.3, 20 : 

October 194.2. 

2. Studies of Men in Simlated Desert Heat, Project 2 (211, ig B, 2) 

File 727-2, 3 April 1943. 

"3, Studies. of Men in. Simulated Sahu (Humid) Heat, Pro ject 2 
(2-7, L1, 135-15, 17,29), tile: 727.3, GNOML, 18 October. 19430 7 ae 
4. Determination of tater and Salt Requirenents 1 for ener Oparet On» 
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b. In a study of the upper environmental limits for work in hot 
environments, many factors need to be controlled: (1) the degree of accli- 
matization of the men to heat, (2) the nature of the environment, (3) the 
nature of the work, (4) the physical and mental fitness of the subjects, 

(5) the clothing worn, (6) the salt and water intake, (7) the criterion of 
limit, L.e., the condition of the wen during and on completing the work. 

Kach of these factors may vary widely. The state of acclimatization may vary 
from full acclimatization to none at all. The environment may vary in 
temperature, humidity, air movement, and radiant energy transmitted. The 
work may vary widely both in severity and in duration. Large variations in 
physical fitness occur between men and groups of men. fIdiany types of clothing 
may be worn and the effect exerted by a garment need not be the séme in 
different environments. Schedules of water and salt intake range from complete 
restriction of water to full replacement of the amounts lost. The condition 
of the men on completing the work may vary from exhaustion to ability to 
continue indefinitely. A change in any factor may alter completely the upper 
environmental limit. 


Two conclusions are at. once apparent: (1) the number of possible 
conditions exceeds the present possibilities of study, (2) a practicel, even 
though arbitrary, set of conditions must be chosen and standardized for 
investigation. In this study the combination of variables chosen was based 
on the principles that the environment be as simple as possible; the work be 
significant to the Army in type, severity and duration; the men be so managed — 
that they have every opportunity to complete the work. The conditions of this 
study were as follows: (1) the men were first acclimatized to simulated _ 
desert (dry) and jungle (humid) heat; (2) the environment varied only in dry 
bulb and wet buib temperature, no additionel radiant energy was supplied, the 
uir movement was that created by the men :arching in single file at 3 ai les /nour; 
(3) the work consisted of four hours of continuous marching on a level at 3 miles 
per hour with 20 pound pack (approximately 300 Calories/hour); (4) physical 
fitness was that of healthy garrison soldiers; (5) no clothing was worn other 
than socks and shoes; (6) water, salted to 0.1% with table salt, was given 
whenever requested and the men were urged to drink liberally; (7) the men were 
reouired to finish the work "fit to fight." 


3. CONCLUSIONS: 


The data and conclusions’ of this report apply only to upper environ- 
mentsl limits determined under the standard conditions above described and for 
environments in which the dry bulb temperature ranged between 93°F. end 121°F. 
and the wet bulb temperature between 90°F. and 96°F, 


a. Within the range of environments here studied, the wet bulb 
temperature is the limiting factor which determines the ability of jen to work 
in hot environments. The dry bulb temperature exerts only a minor influence. 
in this regard. 


bo. As the upper environnental limits are approached, a narrow range 
of wet bulb temperature Separates environments in which work is relatively 
easy from those in which it is saeaeaetey At a piven dry bulb temperature, 
this range is 4°F. to a ss | 
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ee Sat Soy * suazaors, SIPBRIMGNTAL CONDITIONS AND PROCEDURES 
This study was conducted in the same general mayner as the previously ae es 


_ ported studies om acclimatization 6f men’ to dry and humid heat (2, 3). All 
Peer vat one were made during. Berets April and. May in the , Laboratory Hot. Rooite. 
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In all parts of sae ete area, the ‘ee bulb and wet bulb eeraticee 
_ were maintained within 41°F, of. the desired temperature. Psychrometric tleasure- 
~~ 5 ments were made at least every 15 minutes (often every 5 to 10 minutes) by means’ 
of a sling psychrometer. ‘Twelve to fifteen hours before the men began to work, 
the desired environmental conditions were initiated in the hot room... This 
‘permitted the walls and floor to approach more closely the air temperature, "Even Site 
2s go the walls were 2°F. to 5°F. cooler than the air and the floor 10°F. to 20°F,. «| 
»-@ooler than the air. No additional radiant heat was supplied. The sir in the room 
wes mildly turbulent throughout and without pockets. Wind. velocity was not measured ov 
~ but was” essentially that produced by the movement of: ‘the men marching wingls file ~ 
av 2 7 ere: 


ra applets oni of the mean air movement on the men i thanking inka and of the ae 
mean radiation temperature of the room (average temperature of walls, floor and 
-e@iling) were ealewlated from the cooling curves of two heated cylinders wheeled 
along with the marching men. One cylinder was highly burnished (emmissivity re 
_ the other blackened (emmissivity 0.94). Since the convective heat exchange of the 
_ eyLinders is. a.function of wind. welocity, the air movement experienced by the works 
ing men .can be expressed by a coefficient of convection: exchange’, This was similar es 
for aloof the environments studied and ranged from.6 to 7 Cal/M@/ir/°F.. The mean 
radia Lon Sbemperature ofthe. room was always less than the air temperature; 2°F. to tee 
30°F lower: at ambient. temperatures under erga and FE. eo 9°F. lower at an eee 


os eimbd ne 6 rature of L20°F . | ae | 
‘ ~ one “able i dedi cated: ‘the se atedokenta. in which’ rhage men yrorked; Chart. 1, ‘the x 


<op@inch ot: these envirorments and the duration of stay. Fae of the 18 . 

_ eivironments ‘studied, four'(4) are excluded from consideration in this report 

either becauge the. ‘duration: “of study in the envirofinent was inadequate or beashee 
. the environment was too mild.for corgideration in a problem dealing with upper © -. 
“ enylronmental limits. For the Ly, environments which form the basis for this =< 
4, the dry bulb temperature ranged from 92.6°F. to 120.59F, and the wet bulb | 
~ temperature from 89.5°F. to 96°F. The men slept in their own barracks, the tempera 
. ture: af which varied from 55°F to 73°F. i, 
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“On at least one day ‘each week, the men worked. ‘ti the relatively easy 
environsent of D.B.* 93°F, W.B.# 92°F. This constituted a base: ehvironment. aa ee 
served two purposes: Pirst, it served as a reference’ ‘environment’ for the determina~ 
tion of the constancy of the’ wreactions of the meh; i.e., that they had Roe ee, 

: ——¥ sieges beaten a thebe reactions: to.a taki eeetronaens, ee the. study, 


s a 
wee a he ee me ee ak ee wy 


| # Henceforth D. B. will | be ‘sea to eipnity ¢ ary bud temperntre: and 1 UAB. 9 wet + bul 
a rr § oO 3 ae tae te eae: . 


I is: ‘was inet tait: stn te ‘nbaboiethg ee of this nintys was the reactions of 
the men. Secondly, it served as a recovery environment. After several days of 
Marked physiological disturbances, and even disability, in the more severe _ ue 
environments, the men required a relative rest in a more easy, yet stress producing, » 
“environment before re-exposure to bhe more diffieult environments’ 


2, dxperimental ‘Subjects 


Thirteen (13) enlisted white'men voliinteered as subjécts and were studied 


ee Seatacdonie: Their ages varied from 18 to 30 years. Only four were older than 


~ the average group age of 21.6 years. Their weights ranged from 138 to 183 pounds 


. : 2 (average 165: pounds); their heights from 66 to 72 inches (average 69 inches); 
~~ their. surface areas. from 1.73 to 2.00 square meters (average 1,89 sq. M.); thedr : 


'. duration of military service from 7 to 108 months. (average 22.7 mo.). All men were | 
* normal and healthy oat in cb idereat states of physical fitness, ~ ay # 


7 hes Activity “ora ; 7 
For. one. week the. men n tindePwent preliminary. training Gecst until they — 


ae ea abae: to: match with easé 12 miles a day-at 3 miles per hour, carrying a 20 pound — 


pack.» This” toughened ‘thé feet, accustomed the men. to the required work and produced © 
amore uniform state of physical fitness in all-men, After the preliminary training © 
. and before undertaking the actual study of the upper environmental limits, the men 
were thoroughly acclimatized to dry (simulated desert) and humid (simulated jungle) — 
heat of the type described in previous reports (2, 3). For six days they worked in - 
- an environment with DB. 120°F. ‘and W.B. 79°F., for 2 days. at Do B. 90°F. and Vie Be 
fone and one day at D.B. 92.5°F and W.Be SLR. 


: 7 During the study of the’ supper ts RO limits, the standard day 
‘consisted of 8 to 9 hours spent in the hot environment. acéording to the following 


. 2schedule:- 0700°hours ‘to 1200 hours, marching; 1200 hours to 1300 hours, lunch; 


~ 1300 ‘hours to 1500 or 1600 hours, observations on resting men. Following the 
afternoon's observations, the men returned to their ppecory'y were restricted to 


‘ogee the Fete: and were bed-chackes at 2200 hours. 


The 38 men. serbian nf tis taseniaky marching single file around a 77 foot 
track at 3 miles per hour. To permit the taking of data, the men started in a 


~, staggered fashion. Each man carried a 20 pound pack. This work rate was previously 
“ determined to amount toa total energy expenditure of approximately 300 Calories per — 


hour. The standard work consisted of 4 hours of continuous marching without rest > 
and without leaving the hot environment. (Even periods as short as 5 minutes in a 
' temperate environment were found to improve the work performance and to decrease es 
the physiologic disturbances.) At hourly intervals (more frequently when men became — 
411), the men’ halted and stood erect for 2 to 3 minutes while their heart rates, 

rectal hots: eh and respiratory rates were determined, 


| “Th the more severe environments several days were intivad to bring the 

men to their peak performance. At first they worked for 2 hours in the morning and 

2 hours in the afternoon before attempting the standard 4 hours of continuous effort _ 

(Chart. 1). They then worked in the same environment repeatedly (up to 6 days) in 
order to Bees. them every: nh epesonas to: achieve their best performance (Chart 2). 
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Fee ‘only ¢ one or. two: “eays.. 
wen te Clothing | | 


ay a Most men wore. andy ‘Light Sool’ ‘otis and service shoes. A few wore, in 
. addition, . cotton shorts which became completely wet and rapped continually after 
: t6 10 minutes of effort. ” ko 
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§, Food and Water 


i 


"3 The food consisted of field rations, eS A, cbtadaud from the company 
mess. Only the mid-day meal’was eaten in the hot environment, the other two meals 
at, the company mess. The amount of food eaten was not measured. It varied, and 
~ depended on moar the mei a: ental made the: men ill or not. 


ee aC A Sater drunif in’ the hot room was salted (final concentration 0.1%) and. 
me carefully measured. The men were encouraged to drink and were piven as much water 
Ns as they desired whenever they requested it. Except in the most severe environments, — 
# ai. ' the water intake during work sce eee the sweat loss. In their own quarters, | 
De ‘the nen Sraek tap water’. ; : 


6. Observations on rt Men. 


6 Records were kept’ ef the eymptons, ‘ckotalte. and general appearance of 

the men during work. Immediately before beginning to work each man undressed com- 

cy carta urinated, . ‘dried off the sweat and was carefully weighed (within 10 grams), 

“At the béginning and end of each hour of work, the heart rate, rectal temperature, 

and réspiratory rate were determinedwith the. subjects standing erect. While in 

“the hot environment, all water drunk, urine voided and gastric contents vomited were _ 

earefully’ measured and recorded. The skin temperatures of 6 areas of the body ae 

chest, palm, forearm, thigh and calf) were determined radiometrically immediately on - 

completion of the work; the subjects were supine and unclothed and the sweat was not | 

disturbed, As quickly as possible thereafter, the final weights were determined se 

‘under the same. conditions as the initial weight. The weighing was done in an a 
| yn ake control room; ali other. measurements were made in the hot environment. as 


re 


hs li The order of the obeai¥ab ions’ was as follows: initial wisigiling} initial 
Sa heart: rate, rectal temperature and respiratory rate; hourly heart rate, rectal . 
ae “tempersture: and respiratory ant final skin. temperature; final weighing. 


ee Viienawer disability forced ‘2 man to discontinue marching before the - | 
~ required: time, the final observations were immediately made and the time recorded.’ 
a ae we man was allowed’ to pariigs taney al work unless gharetgse indivations necessitated fee ee 


, “Only. the averaged data for the group (13 nen) are considered and. in the 
* following charts the plotted points represent this average, This decision was male 
“because the group is a more srapreecntative and uniform Unit. than an“individuval ..  — 
 gubject, The: data are thosé. for the most representative (usually the last) day in: ; 
“each environment. This gives. thé best performance in éach environment and excludes * 
ictus observations made aahsis the m men were eee, themselves to & new environments 
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, gontinuous marching, but with much effort and many complaints, Rarely a man was- 


ae a eee ae 
Re ere = 


is “Chart. 2 secibetéag that % ‘even previously scacgasiietdiind men Fequire: a pitted ‘ot | 
several days to adapt themselves to a new environment before their responses Su 3 
» Gt become standardized and representative. As amore severe environment is © ae 
entered, the. process. of acc imaticatdcn to heat is Popen beds Se 


| The total performance (work ecoenpItahed, subjective reactions, ee, ge 
physiologic changes) of the men in the fourteen environments fell into three.) "Fs: 
distinct and readily separable groups. In defining these three types of sone. 
- performance, only the averaged ——— for the grou 2B is considered 


In the first type of performance’ the men’ worked easily and withode oo = 
effort or complaints. men finished 4 hours of:.continuous marching and on its - 
-. completion were alert fresh and seemingly capable of continuing the work .  _ 
\. Indefinitely,. The physiologic disturbances at the end of the & hours were mild < i? 4 
and within the range ("acceptable") previously encountered in acclimatized men 
working in desert or jungle heat; viz. rectal temperature 101°F. or less and - e pe 
heart. rate 130 per minute or jens. invironments.in which this type of perianal 
“- was encountered are hereafter termed "relatively easy." These environments and 
the data obtained dn-them are represented by open circles (°) in adi charts. 3 


~ In the ‘gecorid type of performance all men still finshed 4 houre of = is 


~ forced to drép out in. the fourth hour, » ‘There were frequent’ requests to pena 
“tinue before the required time. Some men had to fight to finish, and many were 
able to do so only ander the exhortations blandishments or. sideats of “$he sa ~ a 
officers in Charge... Complaints of headache, fatigue, dizziness, and nausea were 
common, Occasi iy hen vomited, On completing the work most men were very — | 
tired; half of them probably could have continued, the other half probably nots wise 
The physiologic ‘disturbances at the end of 4 hours of work were greater fd sen 
‘(*undesirable") than ‘those usually encountered in acelimatized men working in © 
desert or jungle heat. The rectal temperatures were between 101°F, and 102°F. 
and the heart rates between 130 t6 145 per minute, °- ‘Environments in which this 
type of performance was encountered are hereafter termed "difficult." These — 
environments and the data obtained in them are indicated in all charts bya =. 
- closed circle (@),: A few of the best men in the group had no greater rare taftd 
in these environments than in the relatively easy ones, te 


In the: third type of performance, the group as a malt never finished” ey ss 
more than one heur’of continuous marching. The men worked with great effort and 
had to be contimally goaded to maintain the work rate. Approximately one-third — aes 
of the men completed 2 hours of work’ and only two or three men finished the 4 holies 
~ of continuous effort. Undesirable symptoms began to appear after 30 minutes of © 
walking, pregressed rapidly and soon most of the men were. completely disabled. — 
There were frequent complaints of violent throbbing headache, dizziness, marked 
fatigue with inability to keep the pace, difficulty in: ‘breathing » coronary type of | 
~precordial pain and subste distress, abdominal cramps and nausea. Men shape! : 
glassy~eyed, stumbled and weaved in their gait and. bumped into the walls. 
men fell. into corners of the room, vomiting copiously (as much as 1.5 to 5 . 
liters); others became disorientated and could not read.the time correctly or even: 
repeat their serial numbers; still others were “out-on-their feet" and did note." 
recall. what had happened until revived several minutes later in the adjoining. cook 
room; a few collapsed outright. The physiologic disturbances were “excessive”, —— 
and at. times: eee B % so, Be ‘the a teige shat amt were over ment x 2d 
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he he: Suseastha: herivecumine in. sik this. vee. of. ‘Sock =. 
.  ehesiwe iphirpanesancs ‘are heréafter termed. “impossible.*® These environments and the. ~ 
Res Mare: gerne es in them are. indicated in all charts by, an x (*). Only two or three — 

3 ea saan Were able toc > hours of;work in sorfe of the impossible Spi Rennente 
i Pha ted c bet it. t undue: “effort, and without | severe ‘complaints. 3 


eee eta 4 wee ee 


an ‘in the ‘aiftieult, sriiromanis. most men experienced a ‘reaction ‘Like 
“* pescad. wind? ‘during* the second hour of work. At the end of: the first hour most. 
is oe quer Looked dll, worked with. difficulty and: experienced distressing symptoms. A fen | 
ay __Nomited, others requested permission to discontime. The heart rates tended ta be” 
7h ‘higher | then expected from the ré¢tal temperatures. Toward the end of the. second 
nee ‘hour the men began to improve « ~ They looked and felt better and complained less of 
Te An "symptoms. ‘Thereafter they, usually improved progressively and finished 4 hours of | - 
work in fairly. good conditiom. ‘Both the subjects and observers agreed that they => 
. were better. in all respects. ‘at‘the finish than they had been during the second hots Re 
: Biyt anying slight decrease in heart rate occurred in many men, but the rectal . 
; < temperature. continued to rise. ‘slowly. Apparently the men felt worse when their Pe 
‘OE eae oLogic disturbances were + baiiding up. cabana a an sh 2a, sears and” dapkovar as that 
te enuf dbrium was wahioveds © - : a 
“ee Be ts i ‘The same acne was Peaserienctt by the few 3 men ae finished 4 hours. of lie 
e whieh some of the impossible environments. However, in these environments most 
"ten showed. no improvement with continued work, only progressive deterioration both 
erate 3% and ge dootivety until forced by Het to discontinue work, 


a : os determining shether an environment was relatively easy, difficult, ome 
ei a more weight was given.to the ease of performance, the amount of work 
‘ace este “the appearante of the mem and their symptoms than to the physiologic | 
changes, It was, nevertheless, fully recognized that work in the presence of marked PS 
‘phyelelodie Saenges is lide treble and at times impossible, ge 


Beal y previous: studies on the reactions of men in simulated desert. Ass nk: ae 
‘s Shack “jungle (humid) heat, it was pointed out that the changes in the heart rata, = 
jal temperature and blood pressure need not always parallel, nor indicate, the es 

aetial: performance, ‘The present study confirms this conelusion. It was not anietal ie: 
: ae for mento be completely disabled at a time when ‘their rectal temperatures and heart — 

“". Patesswould not in themselves have warranted discontinuance of work. These rectal . 

2 sratures and heart rates were nochigher, and at times even lower, than those ee 
, ig (1) in ‘other men at the end of longer periods of effort or (2) in the same _ 

a men. at the end of 4 hours of: marching in a'less severe environment. Factors other 

| ‘than’ rectal. Saat eats: heart. EL», oypat, money: or skin vempersture had induced . 
ati wean | 's : wee 


Peng eS "a RE dn “tndtoated eal in Table I, the fake: can which was obtained when 
cee the. men either fell out or finished work in the impossible environment of D.B. 96°F. 
oo ad WEB 96°F, Certainly the. ability, to finish 4 hours of work was not'dependent = 
~ “supem the smaller physiologic disturbances, Indeed, the highest rectal temperatures, 
and skin temperatures, were obtained in the men who worked the longest and there was 
» no relationship’ between the. haart rate or the rate of: seveeeia and the duration of 
F oh oo Sls ' : oe i ak 


Pe #7 The responses of. the group. in the various nicl votiwahe are indicated Lerkels ‘< 
i ty charts of BOE, 3 Tate, Hooper nee cae ace —_— loss and skin sip ota The s 


Pie ug Set ee 


im oe 


Fb siitoke Sneek: anaes are. SS inaedt ‘are x peeapntad in Tables oe ‘Hea aa & he 
re pars, nas and impossible. environments ‘respectively. . It.is to be - 
‘understood that these few physiologic functions serve only as gross indices of the — 
“total reaction to the.environment. Attention should be’given tothe symbols 
~ fos” e, x). ‘by which these. functions are plotted and the results analyzed in terms of 

a wee previous paragraphs describing the. e@erbal oggscane in A i ‘BRay, fe 
_p aeriemt ae Sapovesnlty pian ie 3 “i 


oN te art 5 4a a ROR oT age upon which are plotted. ‘the. tiirteepe. 
ment s s in whieh the. ‘fen worked, The rating of relatively. easy (°), difficult 
94 OF, npossible ©) given each enviroriment represents: the best overall valuation? 
or ‘the basis ‘of. the principles already discussed, Environnents having the same Oe 
ating} a linear distribution. ‘This gives three lines, each of which represents 
‘ a rironments of equivalent severity for working men; the lines of equivalent environ- 
+ ants: an which. work is impossible i difficult, | ‘and relatively easy. The three lines «= © 
ie ar tel. ‘to each @ther and’ close ‘together, leaving narrow bands between environ- . _ 


sumer Sn which work is reletively éasy and those, in which it is difficult.or impos- 

parr ‘Although these lines do: not parallel a psychrometric function, they follow ~~ 
“the wet bulb temperatures most closely and on across Lites of aEy bulb. Pompenwnre Opa 
ee oe eke ae ets over wide RaHESS « pret 


ae “In thie and Subsequent, gharts the line of: envi tonindts in which work ta CATs 

_ aastaentt indicates the upper. @nvironmenta]l limits for men working as: here described, 

a Bee: mit may.be éxpressed as. equivalent, to a saturated ' atmosphere at 94°F, Since ee 

a see 4p difficult environments :is- not easily maintained, is performed inefficiently. 

oe -with effort, and leads to symptoms in some men, the practical, and safe, upper 

aoa -@tvitonmental Limit should not exesed. the ‘line of. equivalent environments in which 

» .> work is relatively easy. This limit may be expressed as equivalent to a saturated | 

“-. atmosphere at 92°F, at these renee men work sheensa yy atiiojentiy and ~ 
ee atresiiway® : a 3 


vee 2. “Relative Hunidity 


eRe a ates Chart 4 indicates the ‘role of: pe yati va MaiusAtyy in » dblaratiduue the tolera- e 
Bae paliry for work in hot environments. As.expected, the lower the dry bulb temperature, _ 
“the. higher the tolerable humidity. At any given dry bulb temperature, the range of a 
; relative humidity between relatively easy and impossible environments is quite 
“-«.) narrow and slightly narrower at.the higher dry bulb temperatures than at the lower 
~~ ones, The line of difficult equivalent environménts again indicates the upper ~ 
environméntal limits for work in hot environments. Work cannot be performed in 
“environments above and to the right of this line and is readily accomplished in the 
zone below and to the left of the relatively easy line, 


; This chart sions the completely saturated environment Saal whi ch’ werk,” 
cannot be performed, 94°F. for both dry and wet bulb temperatures. The sharpness — 
“of this upper limit is indicated by the faet that an increase of 3.5°F. (from © | 
. 92.5°F. to 96°F.) changes the environment from one in. which: work is pp aptively easy | 

to one in which it is capeneeee gona : 


Incl. ne 


Pas the ability ef men to work in. hot ‘environments which approach human tolerance 

~ for work. This “is indicated in Chart 5, On approaching the upper environwental — 
» Limits a small inerease (2°F,) in wet bulb temperature, at any given dry bulb. 
ee, changes an envi nt. in which work is relatively easy into one — 


oe Palo giid. the etd ax ‘Lintting Talon shXe dovetails Bee 


peek “work is difficult, Another small increase (2°P;) makes work impossible, os 


he Aubvouee in wet bulb temperature required to produce ‘these changes is the 
aoe the hotter (120%F.) relatively dry environments as in the less hot — 
a B.° 96°F.) but more humid ‘environments. As ‘a consequence, the lines of 


Pe ancpkoaat ¢ environments are approximately parallel and equidistant. However, they ee 


“are not horizontal. This means: that a single wet bulb temperature does not serve 
Bee the ‘Limiting, factor at all. temperature ranges. The limiting wet bulb Sempers- 
tures. decrease slightly as the ‘@ry bulb temperatures rise, causing the lines of - 


¥. bulb : ‘emperature of. 120°F., the limiting wet bulb. temperatures are BOR 
‘tha ibid Page: adits, dry bulb temperatures: below 10°F, 

ries z x oe * Eg 

Do ‘Re untied. envitonaghtal Limits. for work in” hot. Sacer ronilante. (Line of . 
fficult, equivalent environments) may be expressed as.wet bulb temperatures; 
“F, for a completely. saturated environment and 92°F, at a dry bulb temperature . 


oe moe oe ‘120°F. » Corresponding, butmore practical and safe aati (those of Reese : 


easy ‘environments ‘are ee and A? Fe FeOOANeAT = 


las Ses ‘oor econ limits. to a tuch lesser degree. Thus, at a 
wet mipe: dry bulb ‘temperature can vary over a wide range 
“wd thot Svante paths RPAAE® in’ the enyironmental rating | 


“= 
oF. 
ag 
ot 9 + 


whe 


& valine ediaaaele, tends to decrease as the dry bulb. temperatures 
“dnerease, ‘the effective temperature suggested itself as an index of the severity — 


_ of environments for. working men. : Although designed as a comfort scale based on ~~ * 


\ subjective comparisons of environments , the effective temperature scale has more 
recently. been applied to working men. Chart 6 indicates that the effective* . 
: eratures for equivalent environments are not constant but increase slightly 


and approximately the same. for ‘the three categories of equivalent environments so 
that the lines for equivalent ‘environments tend to remain essentially parallel. 
However, the three lines do converge slightly et environments with higher dry — 


= aoe As with the. ae , bulb ees shange of a few degrees say 


ee ee ee ee 


oe Effective temperatures: were “Giteralived tea’ ASHVE coments date, for partially 
: rebels, puens men. at. a ies 8 greet Sy of 200 ft. yuan’ cas 


pdr eh i es 


Slope toward the abscissa at their upper (hotter) ends. ee 


_ “as the ary bulb temperatures. of the environments. rise. These increases are anhlh 


it. or works in ‘ail. hot Savivcinaa te and since oe wet bulb , or 


vata paiva oiler palb aaeatate® ‘Siptumeasd | 
‘ er ee when: oe upper 


zi : 


ee a6 j. rt 3 “ee eS RE) se 


ve: eneeeetiid ‘serve as an oa oft the upper en- ies 

t. for ail. surroundings. -The upper limit (Line of @difficult — 

onments ) of. ‘effective t t rature for work, in hot. environments - 

: the completely saturated atmosphere and 95.6°R.T. at dry bulb 

eoreeppondina,. and more practical limits, Apetetively. 
eT «and he ee T. Sapna canted 


a “ ‘ prone 


“The ieareotncaat aid ee ibidets. reapoiig es of ‘the men ip the different 
ro us eh winks me er. support for the separation of the Sore cana te 
uray wee said atticult, and V seagels Ria | 


ices ¢ of the Been. { in each: of the environments within = 
sy, difficult, and impossible), the average performance ~ 
egories Were obtained and are plotted in Chart’-7. The = 
Of Chart: 7 indicates what, percent of the men who started 
(are still walking at any given time. The curvein the upper half of Chart 7 
indicates the: ‘percent: of the - ‘total required man-hours of work actually performed 
from the start of work 4tovthe end of each hour. This was obtained by determining == 
Mie: sotal man-hours of « - performed from the start to the end of each hour, = 
fe Shape me the {ee of work expected if all men had worked . atpeetarings fe Ne 
tiplying by BODOG oe: ee to 


“In “usta eins snd difficalt schroauerttar: 100K of the men. wise | 
my ieiesa finished 4 hours of continuous’ “work, (lower half of chart) to give a ry, 
“group performance. pe woes tohiae oF of the i oauehe: man-hours of work 

ie half of chart): Leo's age 


Bee ee The: lower half we the ‘chert ary yn the . deabiilty curve of men work- ei 
eae fata impossible environments. All men’ finished 1 hour of work, Only one-third = 
© - of the men completed 2 hours of work, one-seventh 3 hours, and less than 10% ee 
a ere. marching at. the end of. 4 hours. Thus, the group completed 100Z of the = 
quired One-hour's work, only a little more than 75% of the total required work 
ee 2. for 2 hours, about 60% of the required 3 hours! work, and less than 50% of the - 
| is. e ere ‘k hours! work: (upper. half of chart). This is on the basis that men who 
fat out, remain a and do: ce resume work after a rest period. 


| B.. _ ‘The: average ‘reotal: Latipirdtures for tha group ‘at the end of each hour’ 
Be work dn each of. the ‘fourteen environments is plotted in Chart 8 In ell a 
LR IRERATES 5 the rectal eperatare rises Sey Baring the first ae less sa 


 papnaly rie the pee ee as Uierecal oud more slowly capataktay 

4... -approaching equilibrium. values. At the end of each hour of work, the rectal 

_ temperatures for environments with the same rating (relatively easy, aifficult, 

as and. impossible) are distributed throughout a zone which is readily separable — yi 

“from the rectal temperatures for environments in the other’ two ratings. The ~~ 
“walues are lowest for environments in which work’is relatively easy (0), and highest 
* for environments in which work is impossible (x). At the end of 4 hours of work y. 

. othe rectal temperatures for the relatively easy environments (o) are in the | 

ey acceptable range (under 101°F.), for the difficult environments (e) in the Re 
- ‘undesirable zone (1019°F. and 102° F.) and for the impossible environments (x) in z3 


~-hour the number of men who contribute to the rectal temperatures for the in- 
“possible environments are reduced in number in accordance with the performance 
curve in the lower half of Chart 7, 


_ additional hour of work, From the standpoint of the heat gained by the body, ~ 
«difficult environments are acceptable for one hour of work but not for 4 hours of 
_ work; whereas impossible environments are undesirable for even such short periods 
hes as one hour, : 


Incl. PES 


the excessive zone (above 102°F.)}. It must be remembered that after the first 


At the end of the first hour of work, ‘the rectal temperatures in the - 


 adi¢ficult environments are still within the ‘acceptable range, As work continues eS 
"the temperatures rise, reaching the undesirable zone by the end of the fourth i 
“hour. On the other hand, the rectal temperatures after one hour of work in the 


impossible environments are already undesirable and become excessive after an 


id sean 


3. Beart Rate 


The average heart rates for the group during work in each of the ‘tourbean | 


“environments: are plotted in Chart 9, The heart rates at the end of each hour of 
‘work for all environments withthe same rating fall into a band or zone which is 


te hs eae 
= 


separable from the zones into which the heart rates for the other two ratings fall. — 
The heart rates for the impossible environments are in the excessive zone (above 
145 per min. ), those for the difficult environments fall in the undesirable zone 
(131 to 1,5 per min.), while in the relatively easy environments, the heart rates © 

are in the acceptable zone (below 130 per min.). The heart Fates in all environ- 


ments increase markedly during the first hour of work, Unlike the rectal tempera- 


tures, they tend to level off after the first hour and frequently hold these eine: a 
for the next 3 hours o a 


Here again, the men who contribute to the average heart rate in the im 
possible environments after the first hour are reduced in number in accordance 
with the disability curve in these environments (Chart 7, lower half). This 
accounts for the apparent decrease in the heart rates in the impossible environ- 
ments after the first hour, since only the best men (some with lowest heart rates) 
are still working at these times. 


. ‘In one instance, the average heart rate in a relatively easy environment 
(D:B. 120°F., W.B. 90°F.) rose above the acceptable zone into the undesirable and 
excessive zones. On the evening before this experiment the men were paid.. 
Discipline in the barracks failed and there ensued a beer-party lasting well into 
the night. This may account for the unexpectedly high cardiac rates the next day. _ 
It is of interest that the rectal temperatures remained low and did Bot. follow 
the. heart rates. . <a ; 
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een ae fo ben Sugicete prvicSninsielsss lita a ttabenese’ fay Hakist between ‘thee 

s rs 2 ain: temperatures éf the. various parts of the body. . These differences disappear 
< “after work in hot environments" and the’skin. temperature becomes almost identical 

. ee pn parte of the body. The temperatures here reported are the average Ws a 

Se ted skin temperatures for the body as a whole, calculated according to the ; 2 oe 

oe eighting formila of Hardy and DuBois. Inthe relatively easy and difficult = = 

"environments, the ‘skin temperatures are the: group averages at the end of 4 hours 

of work; in the impossible environments, they are the averages for the group at, 

“thé time of-cessation of work. regardless ef the duration of effort. Chart 10 © 

andi: tes the. wide scattering of the skin temperatures for equivalent erlviron-. 


“tents. wi th’-thé sane ratingiand ‘the considerable overlapping of the values with 

: ‘one rat ing by*those for thé other two ratings. In only a very general way, 3 

“indicated. by the. “averaged skin temperatures. for each of the 3 ratings of 2 
equ valent: envirc 2, the skin temperature is highest. (average 100.3°F. ). for te 

jason oe She” ssible. _environnents,. intermediate (average. 99.19F,) for the difficult — 
or) © onrtonmats and te. ee 98. 3°F s ) for shes cree oie easy envi ronpatita 
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as ee, om boenstie Maoaes thermal load; oie the . 

aed 2 the “environment, exerts a definite effect on "the skin 
re ae that. thig factor may be more significant in determining the . 
tempe Peres: ‘thin 4s ‘the severity of the environment as indicated by eee 

t envi roriments, The final skin temperature shows @ == 
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pot fotea crease ‘directly with the dry bulb temperature of. the 

, RI: ronment, ner oe arent of its severity rating. For example, in the relatively — 

oO easy, environment of: D.B. 120°R. 5 WB, 90°F., the skin temperature (100.2°9.) is = 

. Wigher than it is (99,0°F.) in the impossible environment of D.B,. 96°F., W.B. 96°F. — 

ere ees et Fe nevertheless, ‘true that-at. a given dry bulb. temperature, the final skin oe 

ay temperatures in the “Lapossible environments tend to exceed those in the difficult | 
ee and relatively. easy, environments, often by rather. small amounts. (The dane in. 
3 Chart, ih is fitted vy: the: method’ of least Saran? and: Ps Bs ) 
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“the average “acignt eeuatd lost per: ie per man during work in each of m4 a 
‘the ue ‘aged ttioarrts ig plotted in Chart 12. The data gives the weight (sweat) sae 


geet per hour regardless of the duration of effort.. As with the skin tenperatinne,, ot 
arg! 3 a wide ae: ng ae Bite 53h Fors: -environnents ns the same 


eee oo 
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mtfabent 5 ietthe: tomcat” ‘also: Habitorehie nn Fetes ae the. elvis tor et 
environments with. one fating. by values for environments. with the other two 
“-yatings. This is less pronounced ‘than’ with: the skin temperature and ‘there is a eo 
« fairly good separation of the sweat losses in the eh easy environments. | 
ae aces those ay the Smpos stale, Ssnvivoniients . ; ods aaa 23 
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: “The wel: ‘Caeat toe: 5 the veldtivels sade oft posuaiti be abla som ee 
one Cees to 1687 coc. (average 133 c. c: “40 in the difficult environments from 
_12h1 e.c. to 1979 c.c. (average 1560 c.c.), and in the impossible environments 
from “1676 Cec. to 2689 csc... (average 2289 c.c. ).° These-are average values for 
Roe ar. Individual losses fell outside of these yeines in both directions. 


aoe mt Chart. 13 indicates’ thee a fairly good fluid betanke was. adinteined, ip: es 
a all environments . ‘This was achieved by the men voluntarily drinking water in Os 
. amounts: approximating their sweat losses. The average urine output was approxde 5, 
“Mately the same (40 c.c. to 80 c.c. per hour) in all environments and so small 
“tn quantity, as to be insignificant in the face of the aca! larger eweat: nesees ee Bee 
and water’ intakes. cts 


‘The amount. of water lost checagh sweating in the more severe environ- 
atts: can be appreciated best by relating it to the total amount of body water 
ie “and its partitions. A sweat loss of 2.25 liters per hour is common for men gag are 
ae working in impossible environments and for many men working in difficult. environ~ ig Ae Fa 
~~ . mtents, An average man has approximately 3.5 liters of blood plasma of which hae 
about 3.2 liters are free water. Therefore, men easily lose in an hour through _ 
‘sweating a volume of water. approximating 70% of the free.water of the blood.» The 
ie wees profusely sweating mei have lost from 3.3 liters to 3.9 liters of sweat in 
"an hour,-amounts equalling and excéeding (120%) the total blood water. The 
* highest sweating rate encountéred was 4.2 liters an hour. Men have completed 4 - 
hours of work in good condition while sweating at rates of 3.0 liters per hour, = 
a Loss of 12 liters of fluid in the 4 hours. This is an amount equal to approxi- = 
-,Mately four times the blood water, and about 3/4 to 4/5 of the total extra- 
“Cellular fluid, which approximates 14 to 15 liters. It ‘also equals approximately 
“25% of | the 48 te 50 liters of Chater: body water of a 70 ne: man. ae of the ste 8 hs ae 
ne in water). 


~* §ince the’ men drank water in amounts apipresd mated: the sweat lost - (Chart 
13), voided but small amounts of urine (40 - 80 c.c./hr.), and did not gain ~ 
weight, they apparently transferred from their gastrointestinal tracts, through 
the blood stream, to the sweat glands and out of them the large quantities of 
fluid above described. The largest fluid turnover encountered was in a man who 
drank and sweated 1&8 liters in a little less than 8 hours, 12 liters. during the 
morning work period, 3 liters during the mid-day interval and 3 liters during 
the afternoon resting period. In the face of the turnover of such large volumes 
of water between the gastrointestinal tract and skin, the men continued to work 
surprisingly well day after day. : 


The ingestion and secretion of such Spi 2s ‘volumes of fluid raises she 
question of changes in the plasma electrolytes. and in the concentration of the 
cellular elements of the’blood. Analyses of venous blood before work, after one 
hour of work and again when the men completed four hours of work or fell out, 
revealed only smail phanges: an the relive volume and af: the concentration of. 
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_ sweating appeared: to. be “responsible. for ‘disability in a numberof men. In thong 
£ cd ‘the fokloy range “pequence of events was frequently | éncountéred. - The = 
s sweating soon led to thirst and men. began to drink copiously...Jith =~ 
continued sw ting, the poe for water also. continued and the thirst persisted, 
eee or’ even increased, in'spite of huge -intakes of water. Men could not refrain < z 
pace SOM drinking. ymptoms.of an overloaded stomach developed and were added to the — 
» miseries ofa ‘seentrighy ‘anquenthable thirst. Men’ became sick, bloating and > 
- nausea” ‘appeared, ‘then: abdominal. eramps and. finally repeated. vomiting. with total — sae 
4 - disability. Apparently. ‘the loss: of water: ‘throiigh sweating. exceeded the abeorptive aes 
red apna of the. gee rin tea tga, tract. , As & result, flitid was not absorbed ~ 
é 8 trointest: Se ‘trast as: rapidly: as’ it was ‘introduced in response to. the 
| 98 - Vomiting ensued. . ‘This. sequence Was not encountered in 
tively “easy. environments where’ fluid-intakes of 2.0 to 2.5 liters ~ 
eon on. It soccurred. as ant ees intakes and Pe bastape fotene, ‘approached ve 
Lit 8: eh ant fae es Ter eee ci 


c Te has: <ieeae bean is tei, ihe ‘(Charts 3 raiedbiake Bhs ‘that at: ‘hes ‘appa 
ronmental pe ts narrow zones separate the three equivalent environments, 
atively easy, diffionlt, and impossible, Charts 14 (completely saturated |. RS 

vironme and 15. Ay a and more dry sonra indicate that this marrow 


aA eee as one - pasees: Seuncie the nerrow. ‘Sante gone Piya the: relatively easy from. 

Sa ae ‘aifficult and the difficult from the impossible environments. The heart rate 
-. dnvone relatively easy environment (D,B.: 220% ., WiB..90°F.) in chart 15 fails to 
follow the orderly sequence. of. change, This’ observation was made on the day arter os 
Pin Pavia hen eae aren? maa aned it may — therefore P be i « oshioeaestit eee 


oy Ses  Chextes ish ‘and 16. aan: Sencotk dak, at the geen ss iieiwenelated piss ta, e 

thie’ wet bulb. temperature determines: “not only the performance, but also. the: augritade A 
of the physiologic disturbances. occurring in men working in hot environments. in’ _ 
'-both the completely saturated (Chart di} and the hotter more dry (Chart. 25) en- > 
vironments, augerenive rises: of: hes ap! oe wet Hae ee of, the & ened rorinetiy,/ 
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ndi. p=) Silane ee the, severity Sot, the civitolppta 
es. These small increases in the wet bulb’ temperature shift the heart 
‘rate anc “pectel temperature from acteptable to undesirable or from parks Stet 
to excessive ranges. Note. that: in Chart 15 the dry bulb. temperature ofthe: ese 
bir eae ee nena RY as the: wet bath, Seeks ingresaen by mera: 
‘of i ee | 2 


ASPET us the vst bulb - emp srature is ‘the Wibeiamatechet factor which determines 
a gt ey, logic. responses then at a constant wet bulb temperature considerable — 
. .wartation in the dry bulb. temperature should be possible without altering the 
“oS “physiologic changes. Chart 16 lends support to this concept, In the two en- 
2. Nironmente: plotted, othe wet bulb temperature was the same, 92°F,, while the dry — 
= ealb temperature varied over 26°F., 93°F.-in one environment and 119°F. in the 
* other.. “In both: environments, the average’ rectal temperatures, heart rates and — 
'. gweating rates were very mich ‘the same at all corresponding periods « Only the 
one). 3 temperature failed to. behave ih the same manner as the other three functions 
~. » (see, relationship of skin temperature to dry bulb temperature of environment). 
~The day when the temperatures were D.B. 93°F., W.Bs 92°F. was separated from the | 
seer: Pac (D.8B, APES y. WB. (ake ) by only 4 days » . 
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ites This, SSihiihes indteated that the wet bulb temperature of. the envi randeat. pe ee 
Rds the: most important and often the limiting factor in determining not only the 
“4 performance of men in hot. environments but also. some of their physiologic a 
iting nésporises. * ‘The following practical Yules may serve as the basis for the management 
of acelimatized men. working in hot environments; in eurroundings in whieh the wet 
ea ‘bulb temperature does’ not exceed 91°F, men will work easily, efficiently and = 
oe effectively, and without~heat. casualty; when the wet bulb temperature is between | 
»-<.  Q1°F, and 94°F .,: men will work with difficulty, inefficiently and often inef- 
te fectively, mild heat easualties may occur; at wet bulb temperatures exceeding 
 Q4OF., “most men“are in¢apable of sustained effort and those who work do so ; 
_~.» dnefficiently and ineffectively. A high ineidence of heat casualties (often 
ie is to be expected. % . 


‘ Tt ‘ts reemphasized that the ‘epadiueetons here oresefited pertain ae to. SOG i 6 am 

 aeanasrai cee conditions of this study.. Moreover the duration of exposure to any: 2, 
single environment was. relatively short, a matter of several days to a week. It a 

- is not permissible, therefore, to predict the performance and reactions of men Re: 

exposed daily for long periods of time (months) to some of the more severe en- | 
ironments here examined. “Either improvement or deterioration of performance oad 
‘is possible. Some observations in the present study indicate that deterioration: i 
is the: more likely. When men worked (and suffered disability) daily in the im- = 
possible environments, their performance, and particularly their morale and a 
will-to-work, appeared to deteriorate with succeeding days. No such deterioration 
was evident when men worked repeatedly in the relatively easy environments. This — 
is further evidence for accepting the line of the relatively easy equivalent en- 
vironments as the practical, and safe, upper environmental limit for acc Kimati £6d, 
men working in hot surroundings. 
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CHART 2 | 
MAXIMAL READJUSTMENT TO A NEW AND MORE 
SEVERE ENVIRONMENT REQUIRES SEVERAL DAYS 
REGARDLESS OF PREVIOUS ACCLIMATIZATION TO 
BOTH DRY AND HUMID HEAT 
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